Coupling of 3-(3-tert-butyl-4-hydroxyphenyl) propionic acid methylester to 1H-benzotriazole using a laccase from Trametes hirsuta was studied. The potentially resulting coupling product Tinuvin 1130 is an important UV-absorber used in polymer based materials. Oxidation of the phenol by the laccase led to homomolecular coupling reactions while the laccase did not attack 1H-benzotriazole. Due to the homomolecular reaction of the phenol in the presence of laccase coupling of phenol and 1H-benzotriazole was only observed when 1H-benzotriazole was applied in four-fold molar excess. The reaction was monitored by UV/vis spectroscopy, TLC and MS (ion trap) analysis. Coupling of 1H-benzotriazole took place in ortho position according to the postulated mechanism.
Introduction
Benzotriazol based UV-absorbers such as Tinuvin are a very important class of photo stabilisers. They play a key role in prolonging the lifetime of polymers and paintings. For several years such UV-absorbers are applied in the textile industry stabilising wool textiles against light and harmful gases [1] [2] [3] .
Laccases are copper-containing polyphenol oxidases which oxidize polyphenols, methoxy-substituted phenols, diamines and a considerable range of other compounds using molecular oxygen as an electron acceptor. When used in combination with mediators, the substrate spectrum of laccases can be broadened to include compounds which are no laccase substrates on their own [4] . Laccases are widely studied enzymes due to their potential use in several areas such as textile [5] , food [6] , pulp and paper industries [7] . In bioremediation laccases as well as immobilized laccases have been used for the treatment of phenolic effluents [8] , PAHs [9] and PCBs [10] . The enzymes render phenolic compounds less toxic via degradation or polymerisation reactions and/or cross-coupling of pollutant phenols with naturally occurring phenols [11] . Only few reactions for organic synthesis have been reported using laccase induced oxidation or polymerisation [12] . These include the synthesis of aromatic aldehydes [13] , substituted imidazoles [14] and 3-(3,4-dihydroxyphenyl)-propionic acid derivates [15] as well as cross-coupling of 4-aminobenzoic acid with paradihydroxylated compounds [16] and enzymatic oxidation of alkenes [17] .
Laccase catalysed organic syntheses exploit the high specificity of enzymes and environmental friendly reaction conditions. In this study, a laccase from Trametes hirsuta was assessed for its ability to catalyse the coupling of 3-(3-tert-butyl-4-hydroxyphenyl) propionic acid methylester with 1H-benzotriazole. The reaction was monitored by TLC and MS-MS analysis and reaction conditions for the production of Tinuvin were investigated. Prior to this different phenols were screened for their potential for Tinuvin synthesis.
Materials and methods

Chemicals and enzymes
2,2-Azinobis-(3-etylbenzothiazoline-6-disulfonic acid) (ABTS) was obtained from Sigma and Coomassie Brilliant Blue was purchased by BioRad (Hercules, CA, USA). All other chemicals and solvents were 0141-0229/$ -see front matter © 2007 Elsevier Inc. All rights reserved. doi:10.1016/j.enzmictec.2006.11.026 of analytical grade. 2,4-Di tert amylphenol (A), 4-tert octylphenol (B), 3-(3-tert-butyl-4-hydroxyphenyl) propionic acid methylester (C), its dimer (C 2 ) and 3-(3-benzotriazol-2-yl-5-tert-butyl-4-hydroxy-phenyl)-propionic acid methylester (Tinuvin 1130; D) were supplied by CIBA while 1H-benzotriazole (E) was purchased from Sigma.
T. hirsuta (IMA2002) is deposited at the culture collection of the Department of Environmental Biotechnology, TU-Graz, Austria. Growth conditions and the purification of the laccase are described elsewhere [18] . Briefly, the 62 kDa laccase was purified by ultra filtration (10 kDa), anion exchange and gel filtration chromatography.
Laccase activity and protein assay
Laccase activity was determined using 2,2-azinobis-(3-etylbenzothiazoline-6-disulfonic acid) as substrate. Fifty microlitres of the sample were mixed with 700 L of a 5 mM ABTS solution in succinate buffer (25 mM, pH 4.5). The increase in absorbance at 436 nm due to the formation of a green radical was followed, using a Hitachi U-2001 spectrometer. For rapid identification, samples of 50 L were mixed in microtiter plates with 50 L ABTS.
HPLC analysis
The HPLC equipment used was a DIONEX P-580 PUMP (Dionex Cooperation, Sunnyvale, USA), with an ASI-100 automated sample injector and a PDA-100 photodiode array detector.
For analysis of the different phenols, the corresponding Tinuvins and the reaction products a reversed phase column RP-C8 (Zorbax 5RPC ST 4.6/150 Agilent Paulo Alto, USA) was used. Separation was achieved applying a linear gradient starting with 60% acetonitrile and 40% water to reach a final concentration of 90% acetonitrile as eluent. A flux of 1 mL min −1 and a temperature of 40 • C were adjusted.
Laccase induced coupling
Preliminary studies were performed in a 100 mL Erlenmeyer flask in 10 mL of acetate buffer (pH 4.5) and after dilution in 60% (v/v) acetonitrile in water, the reaction mixtures were analysed by HPLC as described above.
Further studies were elaborated in a 1 cm quartz cuvette (total volume of 3 mL) in acetate buffer (pH 4.5) and reactions were monitored in a UV/vis spectrophotometer (HitachiU-2001) by taking the spectra in the range of 205-800 nm for 1 h. Oxidation of 1.0 g L −1 C and E (concentration of 4 and 8 mM, respectively) by laccase (5 nkat mL −1 ) separately and the mixture of both was carried out. The individual spectra of C, D and E were also recorded for comparison ( Fig. 1 ). Calibration curves were generated from the stock solutions of C and E dissolved in the ranges of linearity in hexane and water, respectively.
Coupling reactions were performed in 250 mL Erlenmeyer flasks (total volume of 50 mL) in the conditions described above. The reactions were monitored in a UV/vis spectrophotometer at different times and the reaction mixture was extracted with hexane and spotted on TLC plates (Silica gel, 10 × 20 cm, flu- Fig. 1 . Spectrum of the different reagents and standards. 
Investigation of reaction conditions
In order to direct the reaction towards coupling of C and E different conditions were tested. Thereby different factors such as pH value (pH 2 to 6.5), incubation time (30 min to 12 h), laccase activity and molar ratio of the reactants (1, 2, 4 and 10) were elaborated to find best reaction conditions for coupling (Table 1 ).
Purification of the reaction products and characterisation using MS
The reaction mixture was extracted with hexane and concentrated under reduced pressure prior to purification by silica gel column chromatography (working volume of 1.5 L). Equilibration of the column with the mixture of hexane-acetone (75/25%, v/v, respectively) was performed three times. Twenty millilitres of the sample were applied and 2 L fractions were collected. Fraction containing the desired reaction product according to TLC was analysed by UV/vis spectroscopy and mass spectroscopy using an Agilent SL ion trap mass spectrometer (LC/MSD ion trap SL) in direct infusion mode. Atmospheric pressure electrospray ionization (API-ES) source was used in a negative or positive ionization mode and solvents were 25/75% (v/v) H 2 O/MetOH with 0.1% (v/v) formic acid and 5 mM NH 4 HCO 3 , respectively.
Operating conditions were: dry temperature 325 • C, capillary voltage 3500 V, nebulizer 15 psi and dry gas helium 5.0 L min −1 . Ion trap full scan analyses were conducted from m/z 50 to 2200 with an upper fill time of 300 ms. For the MS-MS, the selected precursor ion was: m/z 354.4 (Tinuvin). Complete system control and data evaluations were done with Data Analysis (Agilent) for MS.
Results
Chromatographic analysis and calibration
For all different reactions a good separation of the phenols from their corresponding reaction products was achieved. Calibration curve showed accurate linearity within the range of applied substrate concentration (see Fig. 2 ). For the enzymatic reaction the interpretation was more complicated. Since one or more side products were detected but no standard was available not all peaks could be identified.
Laccase induced coupling
The aim of the first reactions performed directly in the spectrophotometer cuvette was to observe the effect of the enzyme on the reagents. Further, the reactions of C (3-(3-tert-butyl- 4-hydroxyphenyl) propionic acid methylester) were performed directly in the spectrophotometer cuvette. The phenolic compound (C) appeared to be oxidized by the laccase and an increase of absorbance in the full spectrum, more intensively in the UV region was clearly seen. With time course, a dislocation from 275 to 290 nm was achieved being the highest peak after 20 min at 290 nm due to possible dimerisation of C. No changes on the spectrum with time were seen for compound E (1H-benzotriazole) when incubated with laccase.
The reaction involving the laccase from T. hirsuta and both substrates C and E (in two-fold molar excess) resulted in a spectrum different from that of the initial compounds and different from that of A and laccase indicating a reaction between both reagents C and E. An increase in the UV region after 20 min was again obtained with peaks at 320, 350 which are in the same region like those obtained for Tinuvin.
On TLC, C, D, E and the dimer of C were used as standards. In the reaction mixtures remaining benzotriazol was only found in the aqueous phase while the other substances were in the organic phase (hexane). A TLC after enzymatic reaction is presented in Fig. 3 . The solutions, where reaction had occurred, appeared as a yellow turbid liquid and, sometimes, a precipitate was formed, which can be due to the fact that the products formed were little soluble in water. Different phenols were tested for their potential as precursor in enzymatic Tinuvin synthesis. Only for C a Tinuvin formation could be detected. Interestingly, the phenol B was not affected by the laccase at all (Table 1) . 
Investigation of reaction conditions
Various different factors such as pH-value, incubation time, molar ratio of the reactants were elaborated to find best reaction conditions for coupling of C and E. In order to reduce dimerisation of C, a molar excess (different levels) of E was used. A four-fold excess of E was necessary for coupling of C and E to take place while higher concentrations of E did not further improve the reaction (Table 2) .
With the exception of pH 2.0, the result on TLC plates was the same in all cases and spots with similar rf as Tinuvin and to C were developed, more concentrated for the last. Reaction at pH 3.5 and 4.5 was repeated and samples were taken at different time intervals. The amount of E increased until an incubation time of 60 min was reached and remained constant thereafter (Fig. 4) .
Furthermore, the reaction was performed in the presence of 0.10 M ABTS, a well-known laccase mediator (Table 2) . However, the mediated reaction went into a different direction (data not shown). After 1 min two peaks, at 410 and 345 nm, respectively, were formed, and decreased again after 10 min. The increase on the visible part may be from the oxidation of ABTS. No indication for the formation of C in the presence of ABTS was obtained in TLC analysis.
Purification and characterisation using MS
Chromatographic purification of the reaction mixture (sample 3, Table 1 ) was performed in order to conclusively identify products. A good resolution was achieved and five different fractions were separated. Thereof the main fraction (sample 3-A) was related to Tinuvin due to the same rf value on the TLC as the standard. Table 2 Coupling of 3-(3-tert-butyl-4-hydroxyphenyl) propionic acid methylester (A) and 1H-benzotriazole (B) by a laccase from T. hirsuta (5 nkat mL −1 ) at different reaction conditions (incubation time: 60 min) 
Discussion
Laccase induced coupling
An initial screening using spectroscopic monitoring indicated the potential of a fungal laccase from T. hirsuta for coupling of 3-(3-tert-butyl-4-hydroxyphenyl) propionic acid methylester (C) to 1H-benzotriazole (E) yielding potentially the UV-absorber Tinuvin. The phenol compound C was oxidized by the laccase which resulted in dimerisation and other coupling products. Homolytic crosslinking is a common reaction used in different laccase activity assays measuring the rate of oxidative coupling reactions from substituted phenols such as dimethoxyphenol DMP to 3,3 ,5,5 -tetramethoxydiphenylquinone [19] . Using laccase [15] coupled 3-(3,4-dihydroxyphenyl)-propionic acid to 4-aminobenzoic acid yielding 3-[6-(4-carboxyphenyl)amino-3,4-dihydroxyphenyl]-propionic acid. Like in our study for compound C, homomolecular coupling of 3-(3,4-dihydroxyphenyl)-propionic acid methylester was observed as unwanted reaction. Interestingly, homomolecular coupling decreased when hexylamine was used as a co-substrate. These authors hypothesize that the products are formed by a R-NH 2 attack of a cation radical of 3-(3,4-dihydroxyphenyl)-propionic acid.
1H-benzotriazole (E) was not a laccase substrate and no changes on the spectrum with time were seen. This result was expected since the compound E is already an oxidized product from 1-hydroxybenzotriazol (HOBT). To avoid laccase catalysed dimerisation of A the reaction was carried out with excess of E. In agreement with our results Niku-Paavola and Viikari reported that in laccase catalysed oxidation of organic molecules reaction conditions play a major role [17] . These authors studied the oxidation of various alkenes and found that the nature of products formed depended strongly on temperature, incubation time, mediator, laccase and oxygen concentration.
Natural electron mediators secreted by fungi [20] and synthetic mediators [4] have been reported to expand the substrate range of laccases. In contrast to their definition we have recently shown with lignin model substrates that some mediators such as ABTS can even take part in the reaction being co-polymerised [21] . Thus, laccase catalysed oxidation reactions can follow different pathways in the presence of electron mediators as we have also experienced in this study. Other authors [22] have shown that the laccase/TEMPO system was able to oxidize primary and secondary benzyl alcohols and allyl alcohols into the corresponding aldehydes while tertiary benzyl alcohol was not accessible.
Due to the importance of pH on laccase catalyses, this parameter was studied performing the reactions at different values on the range of the laccase stability. The substrate specificity and affinity of laccase can vary with changes in pH and that makes necessary the study of a singular reaction with the pH [23] . Andreozzi et al. [24] concluded that benzotriazol in aqueous solution appears in two forms depending on the pH, and that the absorbance at 254 nm between pH 3.0 and pH 7.0 differs only 1%. The tautomer benzotriazolyl(sodium), a derivative less stable than E could be an intermediate to further reactions. Therefore, additional experiments were performed varying the ion strength. However, pH value and salt concentration did not show any significant impact.
Mass spectroscopy was used to identify the reaction product formed in laccase catalysed coupling of C and E. An identical fragmentation pattern proved the coupling of C and E while based on mechanistic considerations it seems very likely that coupling of 1H-benzotriazole took place at the free ortho position yielding Tinuvin. We hypothesize that in a first step two electrons are subsequently abstracted from the phenolic hydroxyl group from compound C leading to the structures shown in Fig. 5 . In a second step, a nucleophilic attack of the nitrogen of E takes place most likely at the ortho position [16] . Coupling of both 1H-bentotriazol and 2H-benzotriazol would follow this reaction mechanism while due to higher stability the coupling of 1H-benzotriazol seems more likely. Concluding these results the potential of laccases to catalyse coupling reactions of phenolic substrates to H-benzotriazol has been demonstrated. However, further investigations with a wider range of phenolic substrates with different substiutents and enzymes with different redox potentials will be necessary to study mechanistic aspects and optimize coupling reactions towards higher yields.
